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Abstract
Nitrogen functionalization of a highly microporous activated carbon (BET surface area higher than 3000 m 2 /g) has been achieved using the following sequence of treatments: (i) chemical oxidation using concentrated nitric acid, (ii) amidation by acyl chloride substitution with NH 4 NO 3 and (iii) amination by Hoffman rearrangement. This reaction pathway yielded amide and amine functional groups, and a total nitrogen content higher than 3 at%. It is achieved producing only a small decrease (20%) of the starting microporosity, being most of it related to the initial wet oxidation of the activated carbon. Remarkably, nitrogen aromatic rings were also formed as a consequence of secondary cyclation reactions. The controlled step-by-step modification of the surface chemistry allowed to assess the influence of individual nitrogen surface groups in the electrochemical performance in 1M H 2 SO 4 of the carbon materials. The largest gravimetric capacitance was registered for the pristine activated carbon due to its largest apparent surface area. The nitrogen-containing activated carbons showed the highest surface capacitances. Interestingly, the amidated activated carbon showed the superior capacitance retention due to the presence of functional groups (such as lactams, imides and pyrroles) that enhance electrical conductivity through their electron-donating properties,
showing a capacitance of 83 F/g at 50 A/g.
INTRODUCTION
Surface chemistry plays a major role in determining the physicochemical properties of carbon materials. It highly relies on the presence of functionalities from different heteroatoms (i.e.
oxygen and nitrogen, and some others in lesser amounts), either linked to the carbon surface or introduced inside the carbon atom framework. Along with their structural and textural properties, surface chemistry dictates the potential use of carbon materials in a wide variety of applications in the fields of catalysis, energy storage, environmental protection and biomedicine [1] [2] [3] . More particularly, nitrogen functionalities in porous carbon materials modifies their electronic and the electrochemical reactivity properties and confer basic character to the carbon surface, enhancing the interaction with acid molecules [4] .
Consequently, the production of nitrogen-containing porous carbon materials have raised a great interest due to their promising performance as electrocatalysts for the oxygen reduction reaction in fuel cells [5] , as electrodes for supercapacitors [6] [7] [8] and as adsorbents for the capture of acid gases [9, 10] .
Nitrogen-containing porous carbons are usually synthesized by two methodologies: reaction of the material with a nitrogen-containing reagent (NH 3 , HCN, etc) or 4 amount of nitrogen introduced in the carbon material is higher [16] . When this reaction is conducted using amines as the nitrogen-containing reagent, it produces an amide group substituted with an aliphatic chain, which can block the microporosity depending on the size of the hydrocarbon chain of the amine used as reagent [16] . However, when the amine is directly attached to the surface [19] or a primary amide is produced instead of a secondary one, the blocking of porosity might be lower. Also, primary amides can be converted to amines directly anchored to the carbon surface by Hofmann rearrangement that has been proven to work with SWCNTs [20] .
Interestingly, the selectivity of the synthetic route towards the desired amides or amines is not usually very high due to the complex surface chemistry of the carbon materials. For these reasons, in this work we study the modification of the surface chemistry of a superporous 
EXPERIMENTAL

Activated carbon
A highly microporous activated carbon prepared in our laboratory has been used as the starting material for nitrogen incorporation via organic chemical modification. The pristine material, henceforth named KUA, has been obtained by chemical activation of an anthracite with KOH using an impregnation ratio of activating agent to raw material of 4:1 and an activation temperature of 750º C under inert atmosphere, which was held for 1 hour. More details about the preparation process are available elsewhere [21] .
Chemical oxidation with HNO 3
The chemical oxidation of the activated carbon KUA was done using HNO 3 as oxidant. Nitric acid is known as strong oxidizing agent that yields an important amount of carboxylic acids when used for treating carbon materials, and it has been widely used in literature for oxygen surface functionalization [22] [23] [24] .
The oxidation treatment has been adopted from previous studies of our research group [24] .
Briefly, 1g of activated carbon (KUA) was contacted with 40mL of HNO 3 65 wt% under stirring during 3 hours at room temperature. After that, KUA-COOH was filtrated and washed with Milli-Q water until the pH of elution was neutral. Finally, the sample (named KUA-COOH) was dried at 100º C.
Generation of amide functionalities
The amidation process consists in two sequential steps: first, acyl chlorides are generated from carboxylic functionalities and, secondly, a nitrogen-containing compound is anchored to the carbonyl via nucleophilic substitution over the acyl chloride. These reactions were carried out inside a Schlenk system. The acyl chloride formation is accomplished as follows [25] :
Dry KUA-COOH (1 g) was introduced in a round bottom flask with 50 mL of toluene and 5 mL of SOCl 2 was added to the flask. The mixture was refluxed at 120ºC for 5 hours under Ar atmosphere. After that time, the sample was washed with toluene and dried under vacuum for 14h.
The reaction for the generation of the amide group has been adapted from that proposed by
Gromov and coworkers for CNTs [20] . KUA-COCl was added into a 2M NH 4 NO 3 /DMF solution (activated carbon to solution ratio of 1g/300mL) in a round bottom flask. Then, 300 mL of pyridine were added slowly to the round bottom flask under continuous stirring at room temperature. The mixture was stirred at 70 ºC for 65 hours under Ar atmosphere. The obtained amidated sample (KUA-CONH 2 ) was washed with abundant water and ethanol, 6 filtered and dried at 100º C overnight. It can be seen that the proposed approach uses harmful and toxic products, which renders unadvisable its direct use for large scale functionalization of activated carbons. It is also possible to use different reactions for the formation of amide bridges over the surface carbon materials [26] . Nonetheless, the selected synthesis ensures a high functionalization degree, allowing a clear assessment of the extent and nature of the surface chemistry modification. Afterwards, the proposed reaction pathway can be used as the starting point for the development of greener, simpler and less energy-and time-demanding (i.e. "softer") procedures for functionalization of activated carbon using organic chemistry reactions, as in the case of ongoing research in our laboratory.
Generation of amine functionalities
Amine functionalization was carried out using a Hofmann rearrangement in the previously attached amides [20] : 10 mL of Br 2 was added into a solution of 3% wt. NaOCH 3 in CH 3 OH.
KUA-CONH 2 (0.5 g) were added to that solution, and the mixture was stirred at 70º C for 4
hours. Then, additional 4 mL Br 2 were added, and the mixture was stirred for 20 hours at 70º C. The product was isolated by filtration, washed with saturated Na 2 CO 3 , water and ethanol.
The aminated activated carbon was obtained after hydrolyzing the recovered sample in 500 mL of 0.1M NaOH for 24 hours, washing with water, and finally filtering and drying the sample at 100º C overnight. This activated carbon is named KUA-NH 2 .
Electrochemical characterization
Carbon electrodes for electrochemical characterization were prepared by mixing the activated carbon with acetylene black and polytetrafluoroethylene (PTFE) as binder in a ratio of 90:5:5 (w/w). The total weight of the electrode was ∼9 mg (dry basis). For shaping the electrodes, a sample sheet was cut into a circular shape with an area of 1.2 cm 2 and pressed for 5 min at 2 tons to guarantee a homogeneous thickness. After that, the electrode was placed on a gold disk used as a current collector. The electrodes were impregnated for 2 days into 1M H 2 SO 4 previously to electrochemical measurements.
The electrochemical characterization was performed by using an Autolab PGSTAT302 for cyclic voltammetry and Arbin SCTS for galvanostatic charge-discharge cycles. The electrochemical characterization of the different materials synthesized was performed by using a three-electrode configuration. 
Where j is the specific current (A/g), t is the discharge time and ∆ܸ is the difference of potential (0.6 V in all experiments). The results are expressed in F/g, taking into account the weight of the active material of the electrode.
Porous texture and surface chemistry characterization
The porous texture characterization was carried out by N 2 adsorption-desorption isotherms at The surface chemistry of the samples was analyzed by TPD and XPS. TPD experiments were performed by heating the samples (∼10 mg) to 950º C (at a heating rate of 20º C/min) under a helium flow rate of 100 mL/min. The analysis were carried out by using a TGA-DSC instrument (TA Instruments, SDT Q600 Simultaneous) coupled to a mass spectrometer (Thermostar, Balzers, BSC 200). X-ray Photoelectron Spectroscopy (XPS) analyses were carried out using a VG-Microtech Multilab 3000 spectrometer, equipped with an Al anode.
The deconvolution of N1s spectra was carried out by using Gaussian functions with 20% of Lorentzian component. FWHM of the peaks was kept between 1.3 and 1.5 eV and a Shirley line was used for estimating the background signal. Table 1 summarizes the porous texture for all the activated carbon samples. The pristine activated carbon (KUA) presents a large apparent surface area. The micropore volume determined by CO 2 adsorption at 0º C (V DR CO 2 ) corresponds to the volume of the narrowest micropores (<0.7 nm), while the obtained by N 2 adsorption at -196º C (V DR N 2 ) corresponds to the whole microporosity (<2nm) [27] . The higher micropore volume measured by nitrogen adsorption indicates that the activated carbon presents a wide micropore size distribution. The sample KUA-COOH showed a decrease in the nitrogen uptake, in the apparent surface area and in the pore volume ( Figure 2 and Table 1 ). This effect is related to the generation of surface groups that can occupy the entrance and some volume of the microporosity [23, 24] .
RESULTS AND DISCUSSION
Porous texture characterization
In the case of KUA-CONH 2 , the amidation treatment produced a further decrease of V DR N 2 , whereas V DR CO 2 remains invariable. This decrease suggests that the modification of the surface chemistry involves the largest micropores, while the narrowest microporosity is probably not accessible to the reagents.
The amination treatment leaded to an increase of the specific surface area and V DR N 2 of KUA-NH 2 when compared to KUA-CONH 2 sample (Table 1 and Figure 2 ). The narrowest microporosity remains again practically invariable. If we assume that the desired reaction has been carried out, the size of the functional groups that occupy or block the microporosity in KUA-NH 2 should be smaller than those in KUA-CONH 2 , because of the loss of a CO molecule in the production of amines from amides. This means that the change in the microporosity is in agreement with the intended functionalization of the activated carbon sample.
Surface chemistry characterization
3.2.1. XPS Table 1 compiles the composition of the surface chemistry of the samples obtained by XPS.
The pristine activated carbon (KUA) is composed mainly by carbon and a relatively high amount of oxygen. XPS analysis of KUA-COOH confirms that the oxidation of this material has been produced during the treatment with HNO 3 . The same technique also corroborates that nitrogen is attached onto the surface of the activated carbon KUA-CONH 2 , remaining on it after completing the treatment for amination (KUA-NH 2 ). It is important to highlight that more than 3 at.% nitrogen content has been successfully loaded onto the carbon surface while producing only a minor change of the porous texture of the activated carbon (less than 5%
when BET surface area of KUA-COOH and KUA-NH 2 are compared, Table 1 ). This is a remarkable result since maintaining the porosity of the material is of huge importance for all the surface-dependent applications of nitrogen-doped porous carbons. In comparison, other amidation reactions over activated carbon produced a loss of specific surface area of 42% and 90%, depending on the amine used as reagent in the amidation reaction [16] . The results indicate that the amidation procedure proposed in this work is less detrimental to the porous texture than other approaches involving larger amines.
The oxygen amount measured in each step (Table 1) can also give some information about the process responsible for the nitrogen functionalization. After the amidation step, the introduction of nitrogen is accompanied by a consumption of oxygen, which evidences that the attachment of nitrogen to the surface has been produced mainly through oxygen functional groups. On the other hand, the sample KUA-NH 2 presents an oxygen content similar to KUA-COOH (18%, approximately), and it has also been confirmed by TPD measurements, see section 3.2.2. This result is initially unexpected, because this step might lead to the loss of CO of the amide group through a rearrangement and decarboxylation, in order to obtain amine functionality, so that some loss of oxygen should happen. This increase is probably related to a collateral oxidation during the amination treatment. This will be explained later in more detail. The amount of residual bromine containing species has been determined to be 0.1% at., and therefore are not considered to be relevant in the electrochemical performance of KUA- Figures 3a and b show the N1s XPS spectra of the samples KUA-CONH 2 and KUA-NH 2 .
They have been deconvoluted according to the literature [9, 14, [28] [29] [30] [31] [32] . Table 2 summarizes the results of the XPS analysis. The spectra of both samples revealed the existence of at least three species with different binding energies. In the case of KUA-CONH 2 , the spectrum can be separated into three peaks located at 400.7, 399.8 and 398.8 eV. The peak at 399.8 eV is assigned to amides, amines, lactams and imides on the surface [30] . The formation of lactams and imides during amidation is plausible from already formed amides groups, since they can condense with adjacent hydroxyls and carboxylic acids that were already over the carbon surface or that can be formed during the initial stages of the wet acid oxidation of the surface.
In this sense, the generation of these species could take place from anhydrides [33] and lactones [34] , as is showed in Figures 4a and 4b. Similar paths have been proposed for the treatment of non-porous carbon materials with NH 3 gas [6] . At this stage of the modification protocol, the presence of amines should be discarded because their formation could not be explained from the expected reactions; however, it is not possible to discard its presence with the information obtained by XPS. The peak at 400.7 eV in the N1s spectra of KUA-CONH 2 (400.7 eV) is assigned to pyrrole and pyridone functional groups, while that found at 398.8 eV is associated to the presence of pyridines and imines [9, 28, 30, 32] . The presence of adsorbed pyridine or DMF, which could cause misleading XPS assignments, has been ruled out by following the 52 and 42 m/z signals during the TPD experiments which did not show any change with respect to the background.
The formation of nitrogen heterocycles at such a low temperatures is an unexpected outcome of the proposed surface modification protocol. This striking result can be explained taking into account the heterogeneity of the activated carbon surface and the availability of different surface oxygen groups. Pyridone can be formed from amide groups when they condense with adjacent hydroxyls in order to produce lactams, which are tautomers of pyridone (Figure 4c ) [31, 35] . As for the pyiridines/imines, the imines can be generated by reaction between a carbonyl group (aldehyde or ketone) and a nitrogen reactant, such as secondary/tertiary amines and ammonia according to the literature [36, 37] . The imines obtained from the last one are more stable when they are linked to two carbons forming an aromatic ring (i.e pyrroles) [37] rather than in form of terminal imines; nevertheless both of them could coexist When the imines are formed, condensation reactions with aldehydes and ketones can take place, and nitrogen aromatic heterocycles would be produced [38] , which structure will depend on the distance between the carbonyls. Hence, two carbonyls separated by two carbon atoms allow the formation of cycles of five members (pyrrole), Figure 5b , whilst a distance of three carbon atoms, Figure 5c , entails the production of six member rings (pyridine) The analysis of the N1s spectra of KUA-NH 2 shows significant changes in comparison with KUA-CONH 2 . Both samples present peaks with similar binding energies, as can be confirmed in Table 2 , but their distribution is different. The peak at 399.6 eV should be associated to the presence of amines on the surface [30, 32] . Nevertheless, this assignment is not enough to confirm the formation of amines from amides, since both functional groups appear in the same range of binding energy, according to the literature. On the other hand, the peaks at 400.4 and 398.5 eV can be assigned to the functional groups formed following the reactions showed in Figure 5 , as in the case of KUA-CONH 2 . However, in the sample KUA-NH 2 there exists a larger relative amount of species of high binding energy (pyrroles and/or pyridones), Table 2 . Figure 4d ). Under this hypothesis, the methoxide present in the media during the first step of the reaction, or the hydroxide ions present in the second step, could be attached to the adjacent carbon of the nitrogen group due to the influence of the latter, which confers π-deficient character to the ring [35] . This process could also happen sequentially: first, attachment of methoxide into the pyridine ring and secondly, the substitution of methoxide by hydroxide ions, as is shown in Figure 4d . Hence, the substitution in 2 position of pyridine would generate pyridones, so that the amount of groups at the binding energy of 400.4 eV would increase as well as the oxygen content.
Finally, the decrease of nitrogen content in KUA-NH 2 (Table 1) can be associated to the hydrolysis of imines to carbonyls (explaining the decrease of the peak at 398.5 eV, Table 2 ), which is favored in acid media [37] , but that can also happen easily in water [39] . As for the decrease detected at 399.5 eV, it can be related to the loss of part of the amides and their derivatives of the KUA-CONH 2 , since amines are stable in the preparation conditions. Table 3 reports the amount of CO and CO 2 desorbed, as well as the total oxygen amount (calculated as CO + 2CO 2 ) during the TPD experiments for all the studied samples. It can be appreciated that the tendencies in the amount of total oxygen for each preparation step coincide with those obtained by XPS (Table 1) . Differences in the obtained amounts are due to the techniques being not quantitatively comparable. XPS gives information about the most external surface of the sample; while the oxygen amount obtained from TPD analyses is usually underestimated, since some oxygen functional groups can thermally decompose forming water, which has not been quantified, or can decompose at temperatures higher than those reached at the end of the TPD experiment. Figure 6 shows the CO and CO 2 TPD profiles for the pristine and surface-modified activated carbons obtained after each synthesis step. The pristine sample (KUA) presents a remarkable variety of oxygen groups on its surface, all of them generated during the activation process.
Temperature Programmed Desorption
Its aimed surface functionalization with carboxylic acids seems to be accomplished after the nitric acid treatment, as pointed out by the large amount of CO 2 desorption observed between 200 and 400ºC as consequence of the decomposition of carboxylic acids [22, [40] [41] [42] .
Collaterally, the amount of desorbed CO, which in pristine KUA sample results from the decomposition of carbonyls and quinones (CO at temperatures over 700ºC) and as phenols (related to CO evolution at 600-700ºC) in a lower extent [40] , have also increased after the nitric acid oxidation. Some CO desorption at temperatures lower than 600ºC is observed because of the presence of anhydride groups, being their amount also higher for the KUA-COOH sample. These groups thermally decompose as CO and CO 2 , thus the CO desorption is accompanied by CO 2 evolution in similar amounts at temperatures between 400 and 600ºC.
The results from the nitric acid treatment are in line with previous studies from our research group [24, 43] and the abundant literature regarding wet oxidation of porous carbons [23, 44] . Furthermore, the continuous N desorption along the whole temperature range is probably due to lactams decomposition, which can either desorb at higher temperatures or react forming pyridines, and the degradation of aromatic rings (pyrroles, pyridones and pyridines) at even higher temperatures [30] . This is confirmed by the XPS experiments obtained for the samples thermally treated until 950 ºC, Table 2 , where an important decrease in the N content is detected and only contributions of pyrrole/pyridone and pyridines are observed. to produce amines does not take place over lactams. This is supported by the loss of nitrogen detected by XPS after amination step (Table 2 ). This change also contributes to explain the larger apparent surface area and pore volume of KUA-NH 2 in comparison to KUA-CONH 2 (i.e. cyclic amides have a higher volume than the analogous oxygen rings, and therefore they are able to block a higher porosity amount). There have also been important changes in the CO evolution profile after the amination of KUA-CONH 2 sample, Figure 6b . If the low temperature region of both desorption profiles are compared, a decrease in the CO desorption related to amide decomposition (region between 200 and 400ºC) is observed for KUA-NH 2 .
This decrease is probably the consequence of a consumption of amides and lactams, which evidences the conversion of these groups into amines and lactones, respectively. This seems to be supported by the differences in the desorbed amount of nitrogen species in this region of temperatures in KUA-NH 2 ( Figure 7b) . Moreover, the sample KUA-NH 2 presents higher amount of phenols (CO desorption at 600-700ºC) and a higher CO desorption at the end of TPD run (temperatures higher than 900ºC). The last one is produced simultaneously to the increase of the N-related signal recorded at high temperatures for KUA-NH 2 , as shown in Figure 7b . This increase could be a consequence of a favored rearrangement or formation of N-containing aromatic rings (Figures 5b and 5c ) during amination [30] . As for the CO increase, a favored insertion of hydroxyl groups during the amination treatment is possible due to the π-deficient behavior of pyridines, which facilitates nucleophilic substitution reactions on the adjacent carbon (Figure 4d ). The resulting pyridones can be transformed into pyrroles by thermolysis, which produces the loss of a CO molecule, as is shown in Figure 5d [45]. This is supported by the XPS results obtained for the samples KUA-CONH 2 and KUA-NH 2 after the TPD treatment up to 950º C (Table 2) , where the higher amount of pyrroles measured after TPD of KUA-NH 2 seems to be connected to the presence of a higher amount of pyridones in the original KUA-NH 2 sample.
Electrochemical characterization.
Cyclic Voltammetry
The pristine and modified materials have been characterized by cyclic voltammetry in the 0.2-0.8V potential range in 1M H 2 SO 4 using different scan rates. Figure 8 shows the voltammograms for all activated carbon electrodes at low scan rate (1 mV/s). Gravimetric and surface capacitances (gravimetric capacitance divided by the BET surface area) are reported in Table 4 . The formation of the electrical double layer is manifested in all of them, evidenced by the rectangular shape of their voltammograms between 0.2V and 0.65V. At high positive potentials an oxidation current is observed for all the samples and the oxidation current depends on the electrode material. The low scan rate used for the CV measurements provides enough time for ion diffusion into the pore network, so all the surface wetted by the electrolyte will be available for the formation of the double layer. The calculated capacitance is different for each material due to the differences in surface area and surface chemistry.
However, it can be seen that the order in the values of the gravimetric capacitance (Table 4) does not follow in all the cases the trends observed in the BET surface area in Table 1 . Thus, the activated carbon with the highest capacitance is the pristine carbon (KUA), but the highly oxidized KUA-COOH shows the lowest capacitance in spite of having higher surface area than KUA-CONH 2 and KUA-NH 2 . When capacitance is divided by BET surface area (i.e. surface capacitance, second column in Table 4 ), values concordant with those found in the literature for porous carbons are obtained [46] , except for the one obtained for KUA-COOH. These results are an example of the influence of the surface chemistry in the electrochemical behavior of carbon materials. The effect of the surface oxygen groups in capacitance has been studied in previous works of our research group [24] . In general, oxygen functionalities improve the behavior of the electrodes mainly due to two effects: increase of wettability of the surface, which facilitates interactions with the electrolyte, and introduction of functional groups capable of experimenting redox reactions, generating pseudocapacitance [24, 47] . These advantages are related to COdesorbing groups, while the presence of CO 2 -desorbing groups is unfavorable because of their electron-withdrawing properties that diminish the delocalization of the charge (and thereby the electrical conductivity). This effect explains the lower specific capacitance in KUA-COOH. However, the specific capacitance for KUA-CONH 2 is similar or even higher than for the other materials. In this sample, a significant part of the CO 2 -desorbing groups are subsequently transformed into amides and derivatives, thus partially deactivating their negative influence, while keeping the positive influence coming for the presence of COdesorbing [24] and other N-containing [48] groups. The impact of the changes in the surface chemistry in the capacitance retention was analyzed by recording CV at different scan rates, Figure 9 . The pristine activated carbon is able to keep the CV characteristics up to 20 mV/s, while KUA-COOH and KUA-NH 2 yielded tilted voltammograms at scan rates of 10 mV/s and higher. In terms of capacitance retention, the three samples seem to behave similarly. Interestingly, the best results are obtained for the amidated sample (KUA-CONH 2 ) that is able to retain the CV shape up to 50 mV/s. Since the micropore size distribution seems to be similar for all the samples, as already discussed in section 3.1, these differences in behavior must be related to the changes in the surface chemistry of the samples. The negative effect of surface oxygen groups and especially CO 2 -desorbing groups in electrical conductivity can explain the low capacitance retention in KUA-COOH. KUA-NH 2 also has similar capacitance retention, but higher specific capacitance at all scan rates. In the case of KUA-CONH 2 , the capacitance experiences the smaller decrease with scan rate, as proved in Figure 9 . Consequently, this electrode has the highest specific capacitance at the highest tested scan rate. The capacitance retention capability is undoubtedly related to their surface chemistry, since it presents basically the same pore size distribution than the parent sample and the lowest specific surface area of the all studied materials. This effect has been studied in more detail using galvanostatic charge-discharge analyses.
Galvanostatic charge-discharge cycles
The rate performance of the original and the modified samples has been characterized by chronopotentiometry at different specific currents (from 0.05 to 50 A/g). Figure 10 shows the capacitance and ohmic drop at 20 A/g are compiled in Table 4 . The discharge time, which is directly related to the capacitance reported in Table 4 , follows the order KUA>KUA-NH 2~K UA-CONH 2 >KUA-COOH at 0.5 A/g. However, this tendency changes at higher specific currents (>10 A/g), being then KUA-CONH 2 >>KUA>>KUA-NH 2 >KUA-COOH.
This result is in agreement with the capacitance values and capacitance retention observed in the cyclic voltammetry study, section 3.3.
1. An outstanding capacitance value of 82 F/g was registered for the KUA-CONH 2 at 50 A/g, being high considering that it is achieved with a surface loading of 8 mg/cm 2 , a value in the range of those used in the commercial formulation of supercapacitors [49] .
The ohmic drop, reflected by the sudden drop in potential when moving from charge to discharge at 0.8V in Figures 10b and c, is also affected by the surface chemistry of the materials. This ohmic drop is associated to the electrical series resistance of the electrode, which includes the inherent resistance of the materials used in the different components of the cell (current collector, membrane, etc.), the interparticle electrical resistance (being connected to the electrode preparation), the intraparticle electrical resistance (which is related to the inherent conductivity of the sample) and the ion diffusional resistance (which depends on the pore size distribution and connectivity). Since the cell and the electrode preparation is identical in all the cases, and ion diffusional resistance must be similar for the analyzed materials, the important differences in the ohmic drop values must be related to the surface chemistry. As discussed before, the higher amount of CO 2 -evolving groups results in a worse rate performance in KUA-COOH, while the presence of N functionalities in KUA-NH 2 , which improve the wettability and electrical conductivity [6, 8, 48] , seems to be responsible of its slightly better performance, although the behavior as supercapacitor electrode is still worse than the starting material, KUA. This is probably due to the lower amount of functional groups in KUA that facilitate the charge delocalization on its surface with respect to that of KUA-NH 2 . Very interestingly, the capacitance retention is greatly improved for the KUA-CONH 2 electrode, being much higher than that of the oxidized carbon KUA-COOH and even higher than that of the pristine activated carbon. Thus, the gravimetric capacitance of KUA-CONH 2 is higher than that found for KUA at specific currents higher than 10 A/g, thanks to the lower ohmic drop found for this material (Table 4 ). This material seems to behave similar in terms of capacitance retention than other N-containing porous carbon materials prepared from Ncontaining precursors reported in literature [4, 6, [50] [51] [52] [53] [54] . Other N-doping techniques, such as ammoxidation or urea treatment [55, 56] , do not seem to produce such a good capacitance retention as the amidation route proposed in this work.
The mechanism behind the capacitance and the electrical conductivity improvement in Ncontaining carbon materials is still under debate in the literature [6] [7] [8] 11, [57] [58] [59] . Theoretical studies [59] have proven that the nitrogen of pyrrole groups improves the electron mobility of the carbon matrix through introduction of electron-donor properties and increases the catalytic activity of the carbon in electron transfer reactions. Also, the nitrogen atoms present in a six member ring in the edge of a graphene layer can be considered as pyrrole-like functionalities due to the conjugation of its two p electrons with the π system of the graphene layer.
Hulicova-Hurkacova and coworkers indicated that lactams and imides can be considered as pyrrole-like groups, since they present both characteristics [6] ; also, they proposed the participation of nitrogen and oxygen of imide, lactam and pyridone groups in pseudocapacitance processes. This explains the high capacitance retention of the electrode KUA-CONH 2 , which presents a higher amount of pyrrole-like groups on its surface. On the other hand, they rejected the participation of amine and amide groups in the improvement of electro-donating properties. However, we consider that the presence of amides can also improve the behavior of the sample KUA-CONH 2 , because part of the carboxylic acids that were present on the surface of KUA-COOH has been replaced and, although amides are also electron-withdrawing groups, when they are attached to the aromatic ring through the carbonyl group, this character is lower than that of carboxylic acids. Also, Hsieh and coworkers [11] indicated the possible contribution of amide groups in pseudocapacitive processes in supercapacitors of CNTs modified by a synthetic path quite similar to our approach. Finally, the benefits of pyridines in carbon material with respect to electrical conductivity is unclear, whereas its positive influence in capacitance seems to be associated with enhanced wettability [57] , enhanced interaction with ions [58] and the occurrence of pseudofaradaic processes [57] , which is reported to take place through the following reaction In a different work about the effect of nitrogen functionalities in the electrochemical behavior of carbon materials [8] , the contribution of pyridines in the surface of nitrogen-containing
CNTs to the enhancement of capacitance was found to be higher in basic electrolyte, so its presence is not expected to be critical in the behavior of the materials studied in this work at acidic conditions.
Hence, the improvements in the capacitance retention found in KUA-CONH 2 can be explained by the lower amount of carboxylic acids in the surface when compared to KUA-NH 2 ( Figure 6 ) and by the nitrogen functional groups on its surface. Since the main differences in the chemical composition in terms of nitrogen surface groups between KUA-CONH 2 and KUA-NH 2 is the presence of amide groups and derivatives in the former that have been replaced by amines and carboxylic acids in the latter, and considering that amines have a higher electron-donating character than amides, the enhanced performance of the KUA-CONH 2 is attributable to the cyclic amides (lactams and imides) and their pyrrol-like effect on the electrochemical performance of carbon electrodes [6] .
Conclusions
Functionalization of activated carbon using an organic chemistry protocol has been carried The different surface chemistry of all activated carbons allows us to study its effect on their electrochemical performance. At low current densities, the capacitance is mainly governed by the apparent surface area while the specific capacitance is greater for the N-containing samples, evidencing the influence of nitrogen functional groups. Interestingly, KUA-CONH 2
showed the highest capacitance retention, keeping an outstanding value of 83 F/g at 50 A/g, a value especially high considering the electrode thickness. This capacitance retention was not registered for any of the other electrodes and, therefore, it might be due to the lower amount of electron-withdrawing groups, as carboxylic acids, and to the nitrogen functional groups existing on KUA-CONH 2 , such as pyridines, cyclic amides (lactams and imides) and pyrroles, which improve the charge delocalization and thereby increase the electrical conductivity.
